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Real wave packet propagations were carried out on both a single ground electronic state and
two-coupled-electronic states of the title reaction to investigate the extent of nonadiabatic effects on
the distinguishable-atom reaction cross sections. The latest diabatic potential matrix of Abrol and
Kuppermann J. Chem. Phys. 116, 1035 2002 was employed in the present nonadiabatic quantum
state-to-state scattering calculations over a total energy range-from threshold the zero point of the
reagent H2 to 3.0 eV. Based on the assumption that the hydrogen atoms are distinguishable in the
collisions where the inelastic and elastic ones are excluded, no significant nonadiabatic effects have
been found in the calculations of the full state-to-state integral and differential cross sections up to
a total energy of 3.0 eV for product vibrational levels v=0, 1 , 2 , 3. Our results therefore confirm
the recent and the previous studies of the geometric phase effects in H+H2 employing a different
diabatic double many-body expansion potential matrix or a different BKMP2 potential energy
surface. © 2009 American Institute of Physics. DOI: 10.1063/1.3089724
I. INTRODUCTION
It is well known that in the fascinating hydrogen ex-
change reaction system, a conical intersection CI occurs
between the ground and the first excited states, with a mini-
mum at about 2.7 eV above the minimum of the isolated H2
well. Due to that, nonadiabatic effects on the underlying re-
action dynamics are of great interest to both experimentalists
and theoreticians. There are numerous previous studies re-
lated to this issue.1–25 To name a few, the pioneering reactive
quantum scattering calculations of Kuppermann and
co-workers,1,2 etc. To date, most state-to-state quantum scat-
tering calculations2,13–15,17 for the hydrogen exchange reac-
tion and its variants were focused on the impact on reaction
probabilities, and integral and differential cross sections
DCSs of the geometric phase GP effect, a nonadiabatic
effect associated with the CI, and can affect the reaction
dynamics on the lower adiabatic sheet of the two lowest
electronic states. Despite the different methodologies em-
ployed in those previous calculations to get the dynamics
information at a quantum state-to-state level, the strategies to
include the nonadiabatic GP effect are quite similar in that
either the vector potential13–15,17 of Mead and Truhlar26 is
introduced into the nuclear Hamiltonian followed by the so-
lution of a generalized Born–Oppenheimer equation, or GP
basis functions1,2 are used in the solution of a standard Born–
Oppenheimer equation. In recent works,22,24,25 a completely
different approach has been applied for studying the nona-
diabatic effects in the H+D2v=0, j=0→HDv=3, j
+D and H+H2v=0, j=0→H2v , j+H reactions at either
a quantum state-to-state level or a non-state-resolved level.
The product rotational distributions over a collision energy
range of 1.49–1.85 eV in H+D2 Ref. 22 and the total re-
active cross sections up to a total energy of 4.7 eV in H
+H2 Ref. 24 have been computed on the adiabatic sheet
and the two-coupled sheets of the double many-body expan-
sion DMBE surface of Varandas et al.21 The fully con-
verged state-to-state integral and differential reactive cross
sections up to a total energy of 4.5 eV in H+H2 have also
been obtained.25 In these works,22,24,25 the Schrödinger equa-
tion, formulated using an electronically diabatic representa-
tion, is solved numerically by propagating the wave function
directly on the two-coupled-electronic states, combining with
a reactant-product decoupling method27,25 for extracting the
state-to-state dynamical quantities. Within this kind of dy-
namics method, the nonadiabatic GP effects are implicitly
included through the diabatization angle in the electronically
diabatic representation and the nonadiabatic effects such as
the couplings to the upper sheet are also included in the
reaction mechanism.
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The aim of the present article is to describe and present
the results of a rigorous distinguishable-atom reactive quan-
tum scattering calculation at a state-to-state level to investi-
gate the nonadiabatic effects including the GP effect in the
title reaction for a range of total energies from threshold to
3.0 eV. These calculations assume that the atoms are distin-
guishable and the wave functions are not Pauli antisymme-
trized. In analogy to the work described in Ref. 22, we
propagate the initial-state selected wave function on two-
coupled diabatic potential energy surfaces to solve the
Schrödinger equation, but the corresponding approach to the
dynamics employed here is somewhat different from that of
Ref. 22. In this work, we use the real wave packet method.28
In a previous study, Gray et al.29 propagated nonadiabatically
the real wave packet on two–coupled-electronic states for
O1D+H2 to produce the averaged dynamical quantities
the total reaction probability and the total cross section.
Very recently, Hankel et al.30 developed the DIFFREALWAVE
code for extracting the state-to-state dynamical quantities on
a single electronic state. The DIFFREALWAVE code has been
successfully applied to the adiabatic state-to-state quantum
calculations of H+H2 /D2,
30,31 O+HCl,32 etc. Here, we in-
corporate the relevant features of both the above methods
into the present real wave packet method for the purpose of
investigating the nonadiabaticiy in the title reaction at a
quantum state-to-state calculation level. We present here, to
the best of our knowledge, the first nonadiabatic quantum
state-to-state calculation using the real wave packet ap-
proach. By doing so, we also extend our previous nonadia-
batic calculations33 to a more detailed dynamical level.
Both the one-adiabatic-electronic-state and the two-
diabatic-coupled-electronic-state scattering calculations are
carried out to examine the extent of the nonadiabatic effects
in the reaction dynamics of the distinguishable exchange col-
lisions. The state-to-state reaction probabilities, and full
distinguishable-atom integral and DCSs and rovibrational
product distributions are calculated and then compared for
the two sets of calculations. All calculations use the most
recent adiabatic/diabatic potential energy surfaces20 of Abrol
and Kuppermann, in which the diabatization angle for the
entire dynamically important region of the configuration
space including the CI is obtained from accurate ab initio
first-derivative couplings between the ground and the first
excited states of H3, and is then used to make the adiabatic-
to-diabatic transformation for the two-electronic states to
produce the 22 diabatic potential energy matrix. The fea-
tures of this diabatic potential matrix and the discussion of
the importance of its components for the reactive scattering
processes can be found in Ref. 20.
Section II presents the corresponding methodology for
propagating the initial wave packet on the two-coupled di-
abatic potential surfaces with a Chebyshev iteration proce-
dure. In Sec. III, we describe the numerical aspects of the
calculations and present the calculated state-to-state
distinguishable-atom dynamical quantities. Comparisons are
made between the one-electronic-state and the two-coupled-
electronic-state calculations and the nonadiabatic effects in
the reaction dynamics are discussed under the assumptions
that hydrogen atoms are distinguishable in the collisions and
that every collision results in the exchange of the hydrogen
atoms with the direct scattering channels being excluded.
The conclusions are given in Sec. IV.
II. APPROACH TO THE DYNAMICS
A. Initial wave packet construction
The following initial wave packet was first constructed
in a grid space using reactant Jacobi coordinates for the con-
venience of defining an initial rovibrational state v0 , j0 of
the molecule reactant hereafter, the superscripts a and c de-
note the reactant and the product Jacobi coordinates,
respectively,
Ra,ra,a,t = 0 = 1JRa,ra,a,t = 0
2
JRa,ra,a,t = 0  =  sinR
a
− R0
Ra
e−ik0R
a
−R0v,jra,aY j,0
0  istart = 1 ,
or
=0sinRa − R0
Ra
e−ik0R
a
−R0v,jra,aY j,0  istart = 2 . 1
Here, istart denotes the starting electronic state that the wave
packet is initially propagated on in the diabatic representa-
tion. A detailed description of the nonzero component in
these initial wave packets can be found in Refs. 28, 30, and
31. Both the istart=1 and istart=2 nonadiabatic calculations
have been carried out for the H+H2 reaction in the present
work. However, the results using istart=2 are very small, for
example, the magnitude of the total reaction probabilities at
the highest total energy for total angular momentum J=10
and 15 is 10−5, hence, the istart=2 results are not shown here.
In the rest of this paper, calculations labeled “on V11 alone”
are two-coupled-diabatic-state calculations for which the ini-
tial wave packet is the istart=1 packet and the final analysis is
carried out using the first component of the final wave
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packet, whereas the “V22 alone” calculations also use the
istart=1 initial wave packet but the second component of the
final wave packet. Those labeled “summed over V11 and V22
alone” are the sum of the calculations labeled on V11 alone
and on V22 alone and are equivalent to a single calculation
using the initial wave packet given by the column vector
right after the first equality in Eq. 1.
Before the wave packet propagation, the following for-
mula is used to transform the initial wave packet to the prod-
uct Jacobi coordinates,30
i
JRc,rc,c,t = 0 = i
JRa,ra,a,t = 0

Rcrc
Rara
d
J  i = 1,2 . 2
d
J  is a reduced Wigner rotation matrix with  being the
angle between the Ra and Rc vectors.
B. Real wave packet propagation on two-coupled
diabatic potential energy surfaces
In the real wave packet method,28,30 using the product
Jacobi coordinates, the mapped Schrödinger equation is
i	
Rc,rc,c,t
t
= fHˆ Rc,rc,c,t , 3
with
fHˆ  = − 	


cos−1Hˆ s .
Here, Hˆ is the Hamiltonian of the reactive H3 system. In the
two-coupled-electronic-state scattering calculation, Hˆ is the
matrix
Hˆ =Vˆ 11 + Hˆ tran+Vrot Vˆ 12
Vˆ 12 Vˆ 22 + Hˆ tran+Vrot
 , 4
which includes the diabatic potential energy matrix of the H3
system  V11 V12V12 V22, and Hˆ tran+Vrot represents the other parts of
the Hamiltonian excluding the potential energy operator, i.e.,
the translational operator and the operator associated with
angular momenta.28,30
Then, it is necessary to scale and shift Hˆ to get a scaled
Hamiltonian Hˆ s as follows:
Hˆ s = asHˆ + bs,
5
Hˆ s = H11s H12sH12s H22s 
=Vˆ 11 + Hˆ tran+Vrotas + bs asVˆ 12
asVˆ 12 Vˆ 22 + Hˆ tran+Vrotas + bs
 ,
with
as =
2
Emax − Emin
, bs = − 1 − asEmin. 6
Emin and Emax are the lower and upper bounds to the spec-
trum of Hˆ .28
The solution to the mapped Schrödinger equation is
achieved by a damped Chebyshev iteration procedure,
q1t + 
q2t + 
  = Aˆ	− Aˆq1t − 
q2t − 
 
+ 2H11s H12sH12s H22s q1tq2t 
 . 7
TABLE I. Numerical parameters used in the DIFFREALWAVE code for the H
+H2 reaction.
Parameter Value
Product Jacobi coordinate R range 0.2–12.5a0
Number of grid points in R 127
Product Jacobi coordinate r range 0.5–13.5a0
Number of grid points in r 143
Number of angular grid points 70
Center of initial wave packet R0 9.0a0
Width of the wave packet  8.0
Smoothing of the wave packet  0.5
Initial translational energy 0.7/2.0 eVa
Cutoff energy, Vcut 0.42
Scaling parameter as 0.867 259 734 110 196 2 eV−1
Shifting parameter bs 0.991 327 402 658 898 1
Absorption length in R and r 4.04.0a0
Absorption strength 2.0
Propagation time 2500 iteration steps
max 31
aFor the low and high-energy calculations below/up 1.8 eV, respectively.
FIG. 1. Color online The converged total reaction cross sections as a
function of total energy over the range of threshold 3.0 eV for the hydro-
gen exchange reaction H+H2v0=0 , j0=0→H2+H. The solid line is the
result from the one-adiabatic-electronic-state scattering calculation without
nonadiabatic effects, the dashed, dotted, and dashed-dotted lines are the
results obtained on V11, on V22 and the sum over V11 and V22, respectively,
calculated from the two-coupled-diabatic-electronic-state scattering calcula-
tion with nonadiabatic effects. The atoms were assumed distinguishable in
all the calculations presented in this paper.
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Here, qiRc ,rc ,c , t i=1,2 denotes the real part of the
wave function Rc ,rc ,c , t at a propagation time t and we
omit the coordinate part for simplicity. 
 is the time step and
is set to 1 a.u. during the propagation. Aˆ is the damping
factor used to absorb the wave packet near the edge of the
grid.28 We note here that the imaginary part of the wave
packet is used only once in the first iteration to get
qiRc ,rc ,c ,
 see Ref. 28.
C. Derivation of the state-to-state dynamics quantities
Except for the fact that the derivation is performed for
each of the two-electronic states starting from q1Rc
=R
c
,rc ,c , t and q2Rc=R
c
,rc ,c , t, respectively, there is
no difference between the one-electronic-state and the two-
coupled-electronic-state scattering calculations for calculat-
ing the scattering matrix elements and the subsequent state-
to-state integral and DCSs. We therefore left this part
unstated and refer to Refs. 28, 30, and 31 for how to extract
those state-to-state dynamics quantities and for the other the-
oretical treatment underlying this dynamics code.
III. RESULTS AND DISCUSSION
The initial state for the quantum scattering calculations
were scattering from the ground initial rovibrational state
v0=0, j0=0 of H2 and over the total energy ranged from
threshold to 3.0 eV. A cutoff, Vcut, was applied to the poten-
tial to ensure the efficiency of the DIFFREALWAVE code. Table
I lists the numerical parameters used in the present conver-
gence calculations. The present calculations were carried out
for total angular momentum J=0–50, and with this maxi-
mum value of J=50 the computed cross sections were fully
converged over the investigated energy range. The final
state-to-state analysis was implemented for the lowest four
vibrational states and the lowest 30 rotational states, but in
the calculation of total reaction probabilities and integral
cross sections ICSs for high energies from 1.8 to 3.0 eV, 7
vibrational states and 51 rotational states are used to obtain
the converged results.
Figure 1 presents the converged total reaction cross sec-
tions as a function of total energy in the range of threshold to
3.0 eV for the H+H2 v0=0 , j0=0 exchange reaction from
both the one-adiabatic-electronic-state scattering calculation
FIG. 2. Color online a The state-to-state reaction probabilities as a func-
tion of total energy in the range of threshold 3.0 eV for the hydrogen
exchange reaction H+H2v0=0 , j0=0→H2v=0, j=0,=0+H with
total angular momentum J=0, 10, 20, 30, 40, and 50. b The corresponding
total reaction probabilities as a function of total energy over the range of
threshold –3.0 eV summed over all final product states. The solid line is the
result from the one-adiabatic-electronic-state scattering calculation without
nonadiabatic effects, the dashed, dotted, and dashed-dotted lines are the
results obtained on V11, on V22 and the sum over V11 and V22, respectively,
calculated from the two-coupled-diabatic-electronic-state scattering calcula-
tion with nonadiabatic effects.
FIG. 3. Color online The converged state-to-state ICSs over the total en-
ergy range of threshold 3.0 eV. a For the product quantum states v=0,
j=0, 2, 4, 6. b For the product quantum states v=0, j=1, 3, 5, 7. The
solid line is the result from the one-adiabatic-electronic-state scattering cal-
culation without nonadiabatic effects, the dashed, dotted, and dashed-dotted
lines are the results on V11, on V22 and the sum over V11 and V22, respec-
tively, calculated from the two-coupled-diabatic-electronic-state scattering
calculation with nonadiabatic effects.
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without nonadiabatic effects and the two-coupled-diabatic-
electronic-state scattering calculations with nonadiabatic ef-
fects included. All of the three results generated from the
two-coupled-electronic-state calculation, those on V11 alone
on V22 alone and the sum over V11 and V22, are shown in the
figure. As can be seen, there is very little difference between
the two sets of quantum scattering calculations, suggesting a
very insignificant role of the nonadiabatic effects in the cal-
culation of the total cross sections up to 3.0 eV. Further com-
parison of the calculated state-to-state reaction probabilities
and total reaction probabilities from the two sets of quantum
calculations also reveal no significant effect of the nonadia-
batic couplings on these probabilities. Figure 2 plots the
state-to-state reaction probabilities from the initial reactant
v0=0 , j0=0 state to the final product v=0, j=0,=0
state as a function of total energy over the range of threshold
3.0 eV for J=0, 10, 20, 30, 40, 50, along with the corre-
sponding total v0=0 , j0=0 reaction probabilities summing
over the final product states. We can see that the v0=0 , j0
=0→v=0, j=0,=0 state-to-state and the total reaction
probabilities generated from the two-electronic-state calcula-
tions are identical to those from the one-electronic-state cal-
culations at most energies for these individual J values, and
that the state-to-state reaction probabilities have richer struc-
tures than the total reaction probabilities. The previous work
of Mahapatra et al.23 demonstrated that inclusion of the up-
per electronic state has a very small effect on the total reac-
tion probabilities of H+H2, and our results of the reaction
probabilities confirmed this finding and extended it to a state-
to-state level. The above calculated results are also in accor-
dance with the recent nonadiabatic wave packet study of Jay-
achander Rao et al.24 on DMBE surface demonstrating a
very minor effect of the nonadiabatic couplings on the con-
verged total reaction probabilities and total cross sections up
to a total energy of 4.7 eV for H+H2.
The converged state-to-state distinguishable-atom ICSs,
summed over all values of omega prime the quantum num-
ber of the component of the diatomic product angular mo-
mentum along the direction of its relative velocity vector
with respect to the product atom, are shown in Figs. 3–6 for
the product vibrational state v=0, 1, 2, and 3, respectively,
each with product rotational states j=0–7. As shown, the
full ICSs calculated from the two sets of calculations are
nearly identical, thus indicating that nonadiabatic effects play
a negligible role in calculating the full distinguishable-atom
ICSs over the investigated energy range. Figure 7 displays
the rotational distributions for H+H2v0=0 , j0=0→H2v
=0–3, j+H at the six total energies 1.8, 2.0, 2.3, 2.5, 2.8,
and 3.0 eV summed over all partial waves up to J=50. Here-
after, only the results from the one-adiabatic-electronic-state
calculation and the sums of the results for V11 and V22 of the
two-coupled-diabatic-electronic-state calculations are shown
for a clearer comparison. As expected, there is almost no
difference between calculations with and without nonadia-
FIG. 4. Color online Same as Fig. 3, but for product vibrational state
v=1.
FIG. 5. Color online Same as Fig. 3, but for product vibrational state
v=2.
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batic effects for v=0–3. We therefore say that neither the
GP effect nor the couplings to the upper electronic state can
influence the state-to-state distinguishable-atom ICSs below
the total energy of 3.0 eV. Thus, these results confirmed
many previous studies of the GP effect in the title reaction,
especially a very recent quantum wave packet state-to-state
study,25 where the converged state-to-state integral and DCSs
up to a total energy of 4.5 eV were obtained from calcula-
tions with and without GP/nonadiabatic effects.
The full state-to-state distinguishable-atom DCSs at
Etot=1.8, 2.0, 2.5, and 3.0 eV are plotted versus the scatter-
ing angle in Figs. 8–10 for several selected states of the
product quantum states v=0–3, j=0–7. The results of
Figs. 8a, 9a, and 10a should not be compared to experi-
ment because they are not Pauli antisymmetrized.34,35 Such
antisymmetrization would involve inclusion of the direct
scattering amplitude which, because of interference with the
exchange scattering amplitude, would result in oscillations of
the observable state-to-state DCSs as a function of scattering
angle which would have opposite phases for the one-state
and two-coupled-state calculations.2,35 Ignoring such anti-
symmetrization effects, comparison of the results displayed
in Figs. 8–10 shows once again that there are no significant
nonadiabatic effects in the calculation of the distinguishable-
atom full DCSs since at most scattering angles the DCSs
generated from the two-electronic-state calculations are in-
distinguishable to those from the one-electronic-state calcu-
lations. Comparisons of the calculated DCSs for other prod-
uct quantum states show a similar behavior and therefore not
FIG. 6. Color online Same as Fig. 3, but for product vibrational state
v=3.
FIG. 7. Color online Product rotational distributions for vibrational levels
v=0, 1, 2, and 3 at Etot=1.8, 2.0, 2.3, 2.5, 2.8, and 3.0 eV. The solid line
with open circles is the result from the one-adiabatic-electronic-state scat-
tering calculation without nonadiabatic effects, the dashed line is the result
summed over V11 and V22 from the two-coupled-diabatic-electronic-state
scattering calculation with nonadiabatic effects.
FIG. 8. Color online The converged state-to-state DCSs as a function of
scattering angle at Etot=1.8, 2.0, 2.5, and 3.0 eV for product states v=0, a
j=0, 6 and b j=3, 7. The solid line is the result from the one-adiabatic-
electronic-state scattering calculation without nonadiabatic effects, the
dashed line is the result summed over V11 and V22 from the two-coupled-
diabatic-electronic-state scattering calculation with nonadiabatic effects.
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shown here. In Fig. 11, we plotted the distinguishable-atom
DCSs versus total energy at three scattering angles 0°, 90°,
and 180° for several product states 0,0, 1,0, 1,1, 2,0,
and 2,6, 2,7, 3,4, 3,7. As can be seen, despite some
noticeable high-energy differences at the scattering angle 0°
for product states 1,0, 2,6, 2,7, the two sets of calcula-
tions demonstrated very small differences, and this further
evidenced the very minor nonadiabatic effects on most of the
calculated state-to-state distinguishable-atom DCSs. The be-
haviors of the DCSs reported here are in a qualitative agree-
ment with those in Ref. 25.
Given that the present real wave packet calculation em-
ploys a different potential matrix from the DMBE potential
matrix used in the recent quantum studies,22,24,25 the agree-
ment with those previous studies in predicting an insignifi-
cant role of the GP effect and the upper electronic state in
calculating the state-resolved and the non-state-resolved dy-
namical quantities with total energies up to 3.0 eV, has pre-
sented here a useful confirmation of the previous studies,
since there was always a lingering doubt that the nonpartici-
pation of the upper state might be an artifact of the DMBE
potential.
Finally, we note here that the present quantum real wave
packet calculations are performed with the above-mentioned
assumption that leads to only the distinguishable-atom ICSs
and DCSs. However, it would be interesting to know the
extent of the nonadiabatic effects including the GP effect on
the indistinguishable-atom ICSs and DCSs since the physi-
cally measurable cross sections for H+H2 are
indistinguishable-atom ones, where the interference between
the exchange and the direct amplitudes is implicated in the
para-para even j to even j and ortho-ortho odd j to odd
j transition cross sections.34,35 Whenever the interference
between the reactive and nonreactive amplitudes is signifi-
cant in such kind of transition cross sections, the GP effect is
predicted and reported to be significant.15,26 Further investi-
gation of the nonadiabatic effects on the para-para and ortho-
ortho ICSs and DCSs requires that the wave packet calcula-
tions be carried out to perform the state-to-state analysis for
the direct the nonreactive scattering channels, and this will
be the subject of our future work.
IV. CONCLUSIONS
In this article, we presented a real wave packet approach
that can be applied to the nonadiabatic quantum state-to-state
FIG. 9. Color online The full state-to-state DCSs as a function of scatter-
ing angle at Etot=1.8, 2.0, 2.5, and 3.0 eV for product states v=1, a j
=2, 4 and b j=1, 5. The solid line is the result from the one-adiabatic-
electronic-state scattering calculation without nonadiabatic effects, the
dashed line is the result summed over V11 and V22 from the two-coupled-
diabatic-electronic-state scattering calculation with nonadiabatic effects.
FIG. 10. Color online The full state-to-state DCSs as a function of scat-
tering angle at Etot=1.8, 2.0, 2.5, and 3.0 eV for product states a v=2,
j=6; v=3, j=4 and b v=2, j=3; v=3, j=1. The solid line is the
result from the one-adiabatic-electronic-state scattering calculation without
nonadiabatic effects, the dashed line is the result summed over V11 and V22
from the two-coupled-diabatic-electronic-state scattering calculation with
nonadiabatic effects.
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scattering calculations of chemical exchange reactions. By
using this method, we have carried out accurate quantum
scattering calculations for the distinguishable-atom hydrogen
exchange reaction H+H2v0=0 , j0=0→H2v=0–3, j
=0–7+H to obtain converged state-to-state reaction prob-
abilities, integral, and DCSs summed over the product dia-
tom rotational projection quantum numbers for the total en-
ergy range of threshold 3.0 eV. Both the one-adiabatic-
electronic-state and the two-coupled-diabatic-electronic-state
scattering calculations were carried out to investigate the
nonadiabatic effects in the reaction dynamics. The recent di-
abatic potential energy surface of Abrol and Kuppermann
was employed in the present quantum calculations. The
quantum calculation was carried out for total angular mo-
mentum J=0–50, which yields the fully converged state-to-
state integral/DCSs up to 3.0 eV. Comparison of the calcula-
tions with and without nonadiabatic effects included has
demonstrated that there are no significant nonadiabatic ef-
fects in the full state-to-state distinguishable-atom ICSs up to
3.0 eV for the product vibrational states v=0–3. It is also
found that in the calculations of the distinguishable-atom full
DCSs, effect of nonadiabatic couplings is too much insignifi-
cant at most product states and most energies. Our calcula-
tions supported many other previous theoretical studies of
the GP effect in H+H2 and its isotopic variants. In addition,
it is necessary to extend the present state-to-state reactive
quantum scattering calculations to the state-to-state nonreac-
tive scattering calculations for the purpose to study the influ-
ence of the nonadiabatic effects on the indistinguishable-
atom integral and DCSs of H+H2, which is an important
issue in advancing our understanding of the nonadiabatic ef-
fects on the reaction dynamics of this hydrogen collision
system.
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